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Summary
The regenerative abilities of freshwater planarians are
based on neoblasts, stem cells maintained throughout
the animal’s life. We show that a member of the Bruno-
like family of RNA binding proteins is critical for regu-
lating neoblasts in the planarian Schmidtea mediterra-
nea. Smed-bruno-like (bruli) mRNA and protein are
expressed in neoblasts and the central nervous
system. Following bruliRNAi, which eliminates detect-
able Bruli protein, planarians initiate the proliferative
response to amputation and form small blastemas
but then undergo tissue regression and lysis. We char-
acterize the neoblast population by using antibodies
recognizing SMEDWI-1 and Histone H4 (monomethyl-
K20) and cell-cycle markers to label subsets of neo-
blasts and their progeny. bruli knockdown results
in a dramatic reduction/elimination of neoblasts. Our
analyses indicate that neoblasts lacking Bruli can re-
spond to wound stimuli and generate progeny that
can form blastemas and differentiate; yet, they are
unable to self-renew. These results suggest that Bruli
is required for stem cell maintenance.
Introduction
Freshwater planarians are capable of regenerating
a complete organism from a tiny fragment of the body.
These regenerative abilities are based upon a population
of stem cells, called neoblasts, that are maintained
throughout the animal’s life (Bagun˜a` et al., 1989; New-
mark and Sa´nchez Alvarado, 2002; Agata, 2003; Red-
dien and Sa´nchez Alvarado, 2004). Neoblasts proliferate
in response to amputation, producing the regeneration
blastema in which the missing tissues will develop. Neo-
blasts are required not only as the source of new cells
during regeneration but also for tissue maintenance in
intact animals (Bagun˜a` et al., 1990; Bagun˜a`, 1998; New-
mark and Sa´nchez Alvarado, 2000; Reddien et al.,
2005b).
To understand how this stem cell population is regu-
lated in intact and regenerating planarians, recent
work has sought methods to label these cells and to
*Correspondence: pnewmark@life.uiuc.eduidentify genes required for their function. Because neo-
blasts are the only proliferating cells in planarians, they
can be labeled with the thymidine analog, bromodeox-
yuridine (Newmark and Sa´nchez Alvarado, 2000). BrdU
labeling shows that proliferating cells are scattered
throughout the mesenchyme but are absent from the
centrally located pharynx and the region in front of the
photoreceptors, the two portions of the planarian that
are incapable of regenerating in isolation (Newmark
and Sa´nchez Alvarado, 2000). In situ hybridization to de-
tect genes expressed differentially in proliferating cells
(e.g., mcm2 and pcna) and anti-PCNA antibodies re-
vealed a similar mesenchymal distribution of the prolif-
erating cells in the planarian Dugesia japonica (Salvetti
et al., 2000; Orii et al., 2005). Candidate gene ap-
proaches have shown that planarian homologs of vasa
and pumilio (DjPum) are expressed in neoblasts (Shi-
bata et al., 1999; Salvetti et al., 2005) and that DjPum is
required for neoblast maintenance (Salvetti et al., 2005).
Expressed sequence tags (ESTs) likely representing
over half of the genome are available from the planarian
Schmidteamediterranea (Sa´nchez Alvarado et al., 2002;
Zayas et al., 2005). Adopting the robust whole-mount in
situ hybridization technique of Umesono et al. (1997) for
high-throughput methodologies (Sa´nchez Alvarado
et al., 2002) has facilitated the identification of genes ex-
pressed in a pattern characteristic of the neoblasts; for
example, planarian members of the PIWI/Argonaute
family are expressed in such a pattern (Sa´nchez Alvar-
ado et al., 2002). Subsequent analyses confirmed that
these genes, smedwi-1 and smedwi-2, are expressed
in neoblasts; RNAi knockdown suggests that the latter
is somehow required for regulating the differentiation
of stem cell progeny (Reddien et al., 2005b). A recent
large-scale RNAi screen identified 48 gene knockdowns
that produce phenotypes similar to those observed fol-
lowing neoblast depletion after lethal irradiation (Red-
dien et al., 2005a).
In spite of this recent progress, many questions remain
unanswered. For example, how heterogeneous is this
population? Are all cycling cells pluripotent or are their
developmental potentials more restricted? Answers to
these (and many other) questions will require the identi-
fication of additional neoblast markers and genes re-
quired for various aspects of neoblast function (e.g.,
proliferation, maintenance, and differentiation). Using ra-
diation sensitivity as a criterion for identifying neoblast
markers, we show that a member of the Bruno-like family
of RNA binding proteins is expressed in neoblasts and
in the central nervous system (CNS) in the planarian
S. mediterranea. Animals in which detectable Bruno-like
protein (Bruli) has been eliminated from the neoblasts
by RNAi are able to form small blastemas in response
to amputation, but these blastemas later regress, and
the animals ultimately die. Similar regression and lethal-
ity are observed in intact animals subjected tobruliRNAi.
In both regenerating and intact planarians, bruliRNAi re-
sults in a dramatic reduction/elimination of the neoblast
population as assayed by using antibodies against
SMEDWI-1 and Histone H4 (monomethyl-K20). These
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160Figure 1. Effects of g-Irradiation on Gene Expression in Planarians Revealed by Whole-Mount In Situ Hybridization
(A–F) Genes expressed in differentiated cells are not affected by irradiation; sequence identities shown at lower left. (A and B) astacin-like
(DN293863) expressed in subset of digestive cells. (C and D) tsg101 (DN293419) expressed broadly in digestive system. (E and F) frizzled-like
(DN316513) expressed in central nervous system.
(G–L) Genes expressed in neoblasts are not detected after g-irradiation. (G and H) histone H2B (DN290330) is expressed in proliferating cells in
mesenchyme (G, unirradiated); signal is lost following irradiation (H) (n = 11/11). (I and J) bruli expression in intact planarians: in unirradiated
samples, bruli is expressed in mesenchymal cells and the CNS (I); after irradiation, mesenchymal signal is not detected, but CNS expression
is unaffected (J) (n = 8/8). (K and L) bruli expression during regeneration (3 days tail fragments). bruli is highly expressed in the blastema region
(K); this expression is eliminated following g-irradiation (L) (n = 12/12). Anterior is to the left. Scale bar in (L): 1 mm for (A)–(J); 300 mm for (K) and (L).results suggest that this evolutionarily conserved protein
is required for stem cell maintenance in planarians.
Results
Identification of a bruno-like Gene from the Planarian
S. mediterranea
We identified a bruno-like gene from the planarian
S. mediterranea (Smed-bruli; for brevity, referred to as
bruli) in an in situ hybridization screen for potential neo-
blast markers (see below). Distinct bruli isoforms were
identified as ESTs from the hermaphroditic strain of
S. mediterranea (Zayas et al., 2005), with one containing
a six-nucleotide insertion relative to the other isoforms
(Figure S1A; see the Supplemental Data available with
this article online). Analysis of whole-genome shotgun
sequence from the NCBI Trace Archives indicates that
the six-nucleotide insertion represents an alternative
splice site at the beginning of exon 5 (Figure S1A). De-
pending upon the splice variant, bruli encodes predicted
proteins of either 402 or 404 amino acids that belong to
the Bruno-like family of RNA binding proteins. Members
of this family are highly conserved from plants and
worms to humans and play roles in diverse processes
such as germ cell development, synaptic vesicle re-
lease, and pre-mRNA processing (Good et al., 2000;
Suzuki et al., 2002; Loria et al., 2003; Hashimoto et al.,
2005). The predicted Bruli protein contains two RNA rec-
ognition motifs (RRMs), with one RRM at each end of the
protein, connected by a linker region (Figure S1B). Bruli
shares highest similarity with other Bruno-like family
members in the most conserved, C-terminal RRM3
(Good et al., 2000) (Figure S1C).
bruli mRNA and Protein Are Expressed in Neoblasts
In order to identify genes expressed in neoblasts, we
examined the expression patterns of various S. medi-terranea ESTs (Zayas et al., 2005) by whole-mount
in situ hybridization. Previously described neoblast
markers were detected in g-radiation-sensitive cells
scattered throughout the mesenchyme, with a distribu-
tion similar to BrdU-labeled cells (Salvetti et al., 2000,
2005; Orii et al., 2005; Reddien et al., 2005b); thus, we
screened for expression patterns meeting these crite-
ria. In situ hybridization showed that genes expressed
in postmitotic cells (astacin-like, tsg101, and frizzled-
like) were not affected by irradiation (Figures 1A–1F),
whereas genes expressed in proliferating cells (e.g.,
histone H2B) showed mesenchymal expression in in-
tact planarians but were not detected after irradiation
(Figures 1G and 1H).
In situ hybridization revealed that in intact planarians,
bruli was expressed in the mesenchyme, with a pattern
reminiscent of other neoblast markers (Newmark and
Sa´nchez Alvarado, 2000; Salvetti et al., 2000, 2005; Orii
et al., 2005; Reddien et al., 2005b). bruli transcripts
were also detected in the brain and ventral nerve cords
(Figure 1I). In regenerating animals, bruli mRNA was
expressed abundantly close to the regeneration site
(Figure 1K). After g-irradiation, bruli mRNA was not
detected in the mesenchyme; however, the neuronal ex-
pression ofbruliappeared to be unaffected (Figure 1J). In
animals amputated after g-irradiation, no bruli mRNA
was detected in the mesenchyme (Figure 1L).
Based on the expression pattern of bruli transcripts,
we generated antibodies against the predicted Bruli
protein (Figure S1B). Immunofluorescence using affin-
ity-purified anti-Bruli antibodies on intact planarians
labeled the cephalic ganglia and ventral nerve cords,
as well as the cytoplasm of small mesenchymal cells,
with the distribution and morphology of neoblasts
(Figures 2A–2C). In regenerating planarians, clusters of
Bruli-positive cells were found in the stump beneath
the regeneration blastema (Figure 2E), where extensive
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161Figure 2. Anti-Bruli Immunofluorescence
Shows Expression in Neoblasts and CNS
(A–C) In intact animals, Bruli is detected in the
brain (A, star), ventral nerve cords (B and C,
asterisks), and many small cells throughout
the mesenchyme (arrows, A–C); insets in (A)
and (B), magnified views.
(D–F) Effects of irradiation. (D) Intact animal 3
days postirradiation: Bruli antibodies only de-
tect neurons (asterisks); mesenchymal cells
are not observed. (E) Control tail blastema, 4
days after amputation: Bruli-positive cells (ar-
rows) are found just outside the blastema. (F)
Planarians amputated after g-irradiation show
no Bruli-positive cells near the wound site.
(G–L) Effectiveness of bruli RNAi. (G) Intact
control: Bruli-positive cells are observed in
the mesenchyme and CNS. (H) bruli RNAi, in-
tact animal 5 days postinjection: mesenchy-
mal signal is lost, but CNS signal is still appar-
ent. (I) Intact control 10 days postinjection. (J)
bruli RNAi, intact animal 10 days postinjec-
tion: no Bruli signal is observed. (K) Control
regenerate, 4 days postamputation: normal
distribution of Bruli-positive cells. (L) bruli
RNAi, 4 days postamputation: no Bruli-posi-
tive cells are detected. (E and K) Maximum
projections; all other panels, single confocal
sections. (A) and (B) show head regions; (C),
(D), (G)–(J) show tail regions; (E), (F), (K), and
(L) show tail blastemas. Anterior to the upper
left. Scale bar in (L): 100 mm in (C) and (D);
50 mm in all other panels.neoblast proliferation occurs. Bruli-positive cells were
not detected within the early blastema, in which cells
have left the cell cycle and started to differentiate
(Figure 2E, see below); neuronal Bruli signal in cephalic
blastemas was not detected until 4–5 days after ampu-
tation (data not shown). Following irradiation, anti-Bruli
immunostaining labeled the CNS but not the small mes-
enchymal cells in intact animals (Figure 2D); Bruli-posi-
tive cells were not observed in the wound region after
amputation of irradiated animals (Figure 2F).
To confirm the specificity of anti-Bruli antibodies, we
performed immunofluorescence on planarians treated
with bruli dsRNA. In intact animals, no Bruli-positive
cells were detected in the mesenchyme 5 days after bruli
RNAi treatment (Figure 2H, compare with control in
Figure 2G), although Bruli signal was still found in the
CNS (Figure 2H). By 10 days after bruli RNAi, Bruli pro-
tein was also eliminated from the CNS in intact animals
(Figure 2J, compare with control in Figure 2I). In regen-
erating planarians, 4 days after amputation (7 days after
initiating RNAi), bruli RNAi knockdown animals failed to
show any Bruli-positive cells within the mesenchyme,
either in the stump region near the blastema or in the un-
injured portion of the animal (Figure 2L, compare with
control in Figure 2K). Taken together, the above results
show that bruli mRNA and protein are expressed in
both neoblasts and neurons.
bruli Function Is Required for Proper Regeneration
Having demonstrated that bruli RNAi resulted in the
elimination of detectable Bruli protein, we characterized
the phenotypes of bruliRNAi knockdown animals during
regeneration. Planarians amputated after bruli RNAi
(n = 30) had regeneration defects and started to die 6days postamputation (Figure 3A). Half of the animals
lysed within 2 weeks of amputation, and the remainder
died within 30 days after amputation (Figure 3A). Control
animals showed no regeneration defects, and all
survived beyond 30 days after amputation (n = 27)
(Figures 3A and 3B).
Interestingly, bruli RNAi animals initiated the regener-
ation process normally, giving rise to slightly smaller
blastemas after the first 5 days of regeneration
(Figure 3B). However, by 9 days after amputation, regen-
eration stopped and the blastemas began to regress
(Figure 3B). Many animals lysed 12 days after bruli
RNAi, and others showed defects such as pointed heads
(Figure 3B), curling, and decreased motility (data not
shown). Eighteen days after amputation, more than half
of the animals died; the survivors, in addition to showing
more severe tissue regression, curled toward their
ventral surface (Figure 3B), a phenotype characteristic
of neoblast loss after irradiation (Reddien et al., 2005a,
2005b).
To verify that planarians can still initiate regeneration
and form blastemas in the absence of detectable Bruli
protein, we performed additional experiments in which
animals were cut on successive days after bruli RNAi.
Bruli protein was not detected within the mesenchyme
5 days after initiating RNAi (Figure 2H); however, planar-
ians amputated 7 and 10 days after delivery of bruli
dsRNA were still able to produce small regeneration
blastemas (Figure 3C). These animals showed the ventral
curling observed after irradiation (Figure 3C) and ulti-
mately lysed. Even animals amputated 15 days after bruli
RNAi were able to form small blastemas (Figure 3C).
These results suggest that Bruli protein is not required
for blastema formation or the neoblast response to the
Developmental Cell
162Figure 3. bruli RNAi Results in Regeneration
Defects and Lethality
(A) Survival curve: regeneration after bruli
RNAi. Controls survived for >30 days post-
amputation (n = 27); animals injected with
Bruli dsRNA (n = 30) all lysed within 30 days.
(B) Regeneration defects following bruli
RNAi. Control planarians regenerate normally
after amputation (top row). bruli RNAi knock-
down animals initiate regeneration normally
and form blastemas. However, the blastemas
regress over time; animals show tissue re-
gression and curling phenotypes indicative
of stem cell loss.
(C) Blastema formation after amputation in
the absence of detectable Bruli protein. Ani-
mals were cut on the indicated day and ob-
served after 5 days of regeneration. The
right-hand panel shows a ventral view of a
10-day regenerate, showing ventral curling
(white arrows). Yellow arrows, blastemas.
All samples are trunk pieces; anterior to the
upper left or left. Scale bars in (B) and (C):
300 mm.wound but rather for some other aspect of neoblast
function.
Anti-SMEDWI-1 and Anti-Histone H4 Monomethyl-K20
Antibodies Label Neoblasts
Because the bruli RNAi phenotype suggested an effect
upon the neoblast population, we sought additional neo-
blast markers. Neoblasts are the only proliferating cells
in planarians, so the subset of the population that is un-
dergoing mitosis can be labeled with the mitotic marker
anti-phospho-Histone H3-S10 (H3-S10P) (Figure 4A)
(Hendzel et al., 1997; Newmark and Sa´nchez Alvarado,
2000; Reddien et al., 2005a, 2005b; Salvetti et al., 2005).
Three days after g-irradiation, immunostaining with
anti-H3-S10P demonstrated that mitotic cells were elim-
inated completely from the animals (Figure 4D).
We generated antibodies against SMEDWI-1, a planar-
ian member of the PIWI/Argonaute family whose mRNA
is expressed in neoblasts (Sa´nchez Alvarado et al.,
2002; Reddien et al., 2005b). Whole-mount immunofluo-
rescence using anti-SMEDWI-1 antibodies stained a
large number of mesenchymal cells, with a distribution
similar to that of neoblasts (Figure 4B). Double labeling
with anti-SMEDWI-1 and anti-phospho-tyrosine anti-
bodies indicated that SMEDWI-1-positive cells were
found in the mesenchyme, surrounding the gut branches
(Figures S2A–S2C). Three days after g-irradiation, allSMEDWI-1-positive cells were eliminated completely
(Figure 4E). After Smedwi-1 RNAi treatment, anti-
SMEDWI-1 signal was lost gradually over time (data not
shown), demonstrating the specificity of the antibodies.
When viewed at higher magnification, anti-SMEDWI-1
labeled the thin ring of cytoplasm characteristic of
neoblasts (Figures 4G–4L). Combined fluorescent in
situ hybridization to detect smedwi-1 mRNA and anti-
SMEDWI-1 immunofluorescence showed colocalization
of the protein and mRNA in mesenchymal cells deep
in the tissue, whereas in more superficial cells, only
SMEDWI-1 protein is detected (Figures S2D–S2I).
SMEDWI-1-positive cells are found more anterior to the
photoreceptors than cells expressing smedwi-1 RNA
(Figures S2J–S2L); this distribution suggests that
SMEDWI-1 protein is also detected in neoblasts that
have left the cell cycle and are in the process of differen-
tiating (see below).
Because of the cell-cycle-specific modification of his-
tones and the role of chromatin structure in maintaining
pluripotentiality (Hendzel et al., 1997; Rice et al., 2002;
Bernstein et al., 2006; Boyer et al., 2006), we tested anti-
bodies recognizingvarious histone modifications for their
ability to label neoblasts. We found that anti-Histone H4
monomethyl-K20 (anti-H4-K20me1) antibodies (Perez-
Burgos et al., 2004) labeled nuclei of cells scattered
throughout the mesenchyme, with the characteristic
Role of Bruli in Planarian Stem Cell Maintenance
163Figure 4. Whole-Mount Immunofluores-
cence of Neoblast Markers
(A–C) Mesenchymal distribution of neoblasts;
antibodies indicated at lower left of each
panel.
(D–F) Radiation sensitivity of neoblasts: 3
days postirradiation, no signal is detected
above background.
(G–I) High magnification view of SMEDWI-1
(G) and H4-K20me1 (H) double staining. Over-
lay image (I) reveals that most of the H4-
K20me1-positive nuclei are surrounded by
cytoplasmic SMEDWI-1.
(J–L) High magnification view of SMEDWI-1
(J) and BrdU (K) double staining, 4 hr after
BrdU labeling. Overlay image (L) reveals that
BrdU-positive nuclei are surrounded by cyto-
plasmic SMEDWI-1.
(M–O) Double immunofluorescence of
SMEDWI-1 (M) and Bruli (N) in the tail region
of an intact planarian. Overlay image (O)
reveals the extensive colocalization of
SMEDWI-1 and Bruli.
(P–R) Double immunofluorescence of
SMEDWI-1 (P) and Bruli (Q) in a 3 days ante-
rior blastema. Overlay image (R) shows the
blastema full of SMEDWI-1-positive, Bruli-
negative cells. (A)–(O) show tail regions; ante-
rior to the upper left. Panels (A), (C), (G)–(L),
and (P)–(R) are maximum projections; all
other panels are single confocal sections.
Scale bars: in (F), 100 mm (A–F); in (L), 10 mm
(G–L); in (O) and (R), 25 mm.distribution of neoblasts (Figures 4C and 4H). Three days
after g-irradiation, no anti-H4-K20me1-positive cells
were observed (Figure 4F). Peptide competition experi-
ments and dot blot analyses were used to confirm the
specificity of anti-H4-K20me1 antibodies (Figure S3).
To characterize the neoblast population in greater de-
tail, we double labeled intact animals with these and
other neoblast/cell-cycle markers. Immunofluorescent
staining with anti-SMEDWI-1 and anti-H4-K20me1
showed that w60% of SMEDWI-1-positive cells (n =
454/793) were also H4-K20me1 positive; w93% of H4-
K20me1-positive cells (n = 454/487) were SMEDWI-1
positive (Figure 4I). Four hours after injecting the
S-phase label BrdU (Newmark and Sa´nchez Alvarado,
2000), w35% of SMEDWI-1-positive cells (421/1221)
were also labeled with BrdU; all of the BrdU-positive cells
were also SMEDWI-1 positive (Figures 4J–4L). Four
hours after BrdU injection,w8% of H4-K20me1-positive
cells were BrdU positive (15/179); w15% of BrdU-la-
beled cells (15/97) were also labeled with H4-K20me1
(data not shown). About 3% of SMEDWI-1-positive cells
(61/2065) were also H3-S10P positive (Figures S2M–S2O);w8% of H4-K20me1-positive cells were also H3-
S10P positive (213/2592), and all of the H3-S10P-positive
cells were also H4-K20me1 positive (data not shown).
Double labeling intact planarians with anti-Bruli and
anti-SMEDWI-1 revealed nearly complete colocalization
in regions in which neoblasts proliferate (Figures 4M–
4O). Furthermore, the percentage of Bruli-positive cells
that are also H3-S10P positive (4%; 106/2589, data not
shown) is quite similar to that observed for SMEDWI-1.
Colocalization of Bruli and SMEDWI-1 is not observed
in cells that have left the cell cycle and started differenti-
ating. For example, the early regeneration blastema
consists largely of SMEDWI-1-positive cells (Figure 4P),
whereas Bruli is not detected within this region (Figures
4Q and 4R). Thus, anti-SMEDWI-1 appears to label
a broad population: actively cycling neoblasts, as well
as committed neoblast progeny in the process of differ-
entiation. Bruli appears to be more restricted to prolifer-
ating neoblasts and not their committed progeny;
H4-K20me1 appears to be confined to a more limited
neoblast population based upon cell-cycle phase (see
Discussion).
Developmental Cell
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Regenerating bruli RNAi Animals
(A) Anti-H3-S10P immunofluorescence
shows a decrease in mitotic cell numbers af-
ter bruli RNAi and amputation.
(B) Anti-SMEDWI-1 immunofluorescence re-
veals a decreased neoblast population after
bruli RNAi.
(C) Anti-H4-K20me1 immunoflurescence also
reveals a gradual loss of neoblasts in bruli
RNAi animals. Five-day samples show tail
blastemas; 10 day and 15 day samples shows
tail regions; anterior to the upper left. All im-
ages are maximum projections. Scale bar
(lower right): 50 mm for 5 day and 10 day sam-
ples; 100 mm for 15 day samples.Neoblasts Are Lost during Regeneration
after bruli RNAi
Since bruli RNAi resulted in phenotypes similar to those
seen in lethally irradiated planarians, we monitored the
numbers and distribution of neoblasts during the course
of regeneration after bruli RNAi. We used the neoblast
markers described above and confocal microscopy to
quantify labeled cells in a given volume of tissue (see
Experimental Procedures). Labeling with anti-H3-S10P
showed that 5 days after amputation, bruliRNAi resulted
in a dramatic decrease in the number of mitotic cells (Fig-
ure 5A): 7.66 3.2 cells/106 mm3 compared to 66.66 30.7
cells/106 mm3 in controls (mean6SD). Fifteen days post-
amputation, mitotic cells were almost completely elimi-
nated after bruli RNAi (1.66 1.0 cells/106 mm3 compared
to 25.4 6 2.4 cells/106 mm3 in controls) (Figure 5A; the
quantification is summarized in Figure 7A).
Likewise, we used anti-SMEDWI-1 and anti-H4-
K20me1 to monitor neoblast numbers after bruli RNAi.
Five days after amputation, bruli RNAi animals showed
a dramatic decrease in SMEDWI-1-positive cells: 14.36
8.2/105 mm3 compared to 127.9 6 48.3/105 mm3 in con-
trols (Figure 5B). Ten days after amputation, the numberof SMEDWI-1-positive cells continued to drop following
bruli RNAi; animals that survived 15 days after amputa-
tion had only 9.3 6 9.2 SMEDWI-1-positive cells/105
mm3 compared to 61.2 6 24.0 SMEDWI-1-positive
cells/105 mm3 in controls (Figures 5B and 7B). Anti-H4-
K20me1 revealed similar changes after bruli RNAi. Five
days after amputation, the number of H4-K20me1-posi-
tive cells decreased from 53.46 14.7/105 mm3 in controls
to 11.0 6 5.4/105 mm3 in bruli RNAi animals (Figure 5C).
As regeneration progressed, fewer H4-K20me1-positive
cells were found in bruli RNAi animals, and the numbers
were greatly reduced compared to controls (5.9 6 6.1
versus 23.669.6/105mm3) (Figures 5C and 7C). These re-
sults suggest that bruli is necessary for maintaining the
neoblast population during planarian regeneration.
bruli Is Required for Neoblast Maintenance
in Intact Animals
In intact planarians neoblasts are critical for tissue main-
tenance, serving to replace cells lost during the course of
physiological cell turnover. To test whether bruli is also
required for neoblast function in tissue maintenance,
we performed bruli RNAi on intact planarians. Similar to
Role of Bruli in Planarian Stem Cell Maintenance
165Figure 6. bruli Is Required for Stem Cell
Maintenance in Intact Planarians
(A) Survival curve: bruli RNAi in intact planar-
ians. Control animals survive >8 weeks after
injection (n = 20); bruli RNAi animals start to
die 2 weeks after RNAi injection, with all lys-
ing within 8 weeks (n = 30).
(B) Tissue regression in intact bruli RNAi pla-
narians. Twenty days after bruli RNAi, some
planarians show the curling phenotype char-
acteristic of stem cell loss; others show ante-
rior tissue regression (arrow).
(C) Whole-mount immunostaining of neoblast
markers after bruli RNAi. Neoblast numbers
are dramatically reduced after 20 days. Max-
imum projections of tail regions are shown.
Animals in (B) and (C) oriented with anterior
to the upper left; white arrow in (B) indicates
head regression. Scale bars: in (B), 300 mm;
in (C), 100 mm.bruli knockdown during regeneration, all intact bruli
knockdown animals eventually lysed (n = 30). However,
they survived much longer than bruli knockdown regen-
erates: one-half of the animals died after 6.5 weeks, and
all the animals lysed by 8 weeks after RNAi treatment
(Figure 6A). Twenty days after RNAi, animals began to
display the curling phenotype observed in irradiated
planarians, and others displayed head regression
(Figure 6B). Control animals showed no defects and sur-
vived well beyond 8 weeks (n = 20) (Figures 6A and 6B).
Neoblast markers were used to measure the effects of
bruli RNAi knockdown on the neoblast population in
intact animals. By 20 days postinjection, anti-H3-S10P,
anti-SMEDWI-1, and anti-H4-K20me1 immunofluores-
cence all showed dramatic decreases in bruli RNAi ani-
mals compared to controls (Figures 6C and 7A–7C). bruli
knockdown animals contained 1.6 6 1.6 H3-S10P-posi-
tive cells/106 mm3, compared to 12.4 6 5.5/106 mm3 in
controls (Figures 6C and 7A). SMEDWI-1-positive cells
were reduced to 3.6 6 6.5/105 mm3 from 44.9 6 8.0cells/105 mm3 in controls; H4-K20me1-positive cells
were reduced to 3.2 6 5.0/105 mm3 from 25.3 6 4.6
cells/105 mm3 in controls (Figures 6C and 7B–7C). Thus,
we conclude that bruli is also required for maintaining
the neoblast population in intact planarians.
Discussion
Bruli Is Required for Neoblast Maintenance in Both
Regenerating and Intact Planarians
We identified bruli based upon the expression of its
mRNA in radiation-sensitive cells with a mesenchymal
distribution similar to that of previously described neo-
blast markers; we also observed radiation-insensitive
expression in the CNS. Antibodies generated against
the predicted Bruli protein labeled the cytoplasm of cells
with the morphology, size, and mesenchymal distri-
bution characteristic of neoblasts; they also labeled
neurons. The mesenchymal anti-Bruli staining was lost
following g-irradiation, consistent with the conclusion
Developmental Cell
166Figure 7. Effects of bruli RNAi on the Neoblast Population
(A) Number of H3-S10P-positive cells in regenerating and intact (20 days) animals in control and bruli RNAi animals.
(B) Number of SMEDWI-1-positive cells in control and bruli RNAi animals.
(C) Number of H4-K20me1-positive cells in control and bruli RNAi animals. All of these markers are decreased significantly following bruli RNAi.
The numbers of positive cells in control planarians drop gradually when regeneration is completed. Cell numbers are normalized against the vol-
ume (106 mm3 for H3-S10P; 105 mm3 for SMEDWI-1 and H4-K20me1). Error bars represent standard deviations.that Bruli is expressed in neoblasts, whereas neuronal
anti-Bruli labeling was radiation insensitive. RNAi elimi-
nated detectable Bruli protein from the neoblasts within
five days of dsRNA delivery. Animals amputated after the
loss of detectable Bruli protein from neoblasts were able
to initiate the proliferative response to wounding and
formed small regeneration blastemas. These blastemas
regressed, and the planarians ultimately lysed, produc-
ing phenotypes similar to those observed following lethal
irradiation. Similar tissue regression and lysis were
observed after bruli RNAi knockdown in intact animals.
Blastema formation in planarians requires neoblast
proliferation. The large-scale RNAi screen of Reddien
et al. (2005a) showed that knockdowns of many genes
required for cell-cycle progression resulted in complete
failure to form blastemas. We have obtained similar re-
sults by using histone H2B RNAi, in which knockdown
animals fail to form regeneration blastemas and die
with more rapid kinetics than observed after bruli RNAi
(data not shown). Thus, the observation that neoblasts
were able to proliferate and form blastemas in the
absence of detectable Bruli protein strongly suggests
that Bruli is not required for neoblast proliferation per se,
but rather plays some other role in neoblast function.
Using anti-SMEDWI-1, anti-H4-K20me1, and anti-H3-
S10P, we showed that neoblast numbers decreased dra-
matically after bruli RNAi in both intact and regenerating
planarians. These cells were lost gradually following the
depletion of Bruli protein; the kinetics of neoblast loss
after bruli RNAi were distinct from those observed after
g-irradiation, when all neoblast markers were lost within
3 days. Thus, the absence of Bruli protein does not
appear to lead to rapid cell death; instead, neoblasts re-
tain the ability to divide and can respond to wound sig-
nals after amputation. With the exception of the CNS,
Bruli is not detected in differentiated cells; likewise, Bruli
protein is not detected in neoblasts that have left the cell
cycle and are in the process of differentiating. Further-
more, as assayed by anti-phosphotyrosine and anti-tu-
bulin immunostaining, cells within the blastemas of bruli
knockdown regenerates could form neurons, gut, and
flame cells (data not shown). Therefore, it seems unlikely
that Bruli plays a direct role in the differentiation of com-
mitted cells. Rather, we suggest that Bruli is required inthe neoblasts for stem cell self-renewal: in the absence
of Bruli protein, neoblasts can divide and differentiate,
but they lose the ability to generate more stem cells at
each division, resulting in the gradual depletion of the
neoblast population. This situation is similar to the deple-
tion of germline stem cells observed in Drosophila piwi
mutants (Lin and Spradling, 1997; Cox et al., 1998, 2000).
Characterization of Additional Neoblast Markers
To characterize the bruli RNAi phenotype in detail, we
showed that anti-SMEDWI-1 and anti-H4-K20me1 anti-
bodies can be used to label the neoblasts. Both anti-
bodies recognize mesenchymal cells that are lost follow-
ing g-irradiation. Recent work reported that smedwi-1
RNA is expressed in the proliferating neoblast population
(Reddien et al., 2005b). Our data show that SMEDWI-1
protein is also expressed in proliferating neoblasts.
Four hours after delivery of BrdU, all BrdU-positive cells
were also SMEDWI-1 positive. Thus, SMEDWI-1 protein
is expressed throughout S phase, consistent with the
FACS profiles of cells expressing smedwi-1 RNA (Red-
dien et al., 2005b). Four hours after BrdU labeling,
w35% of SMEDWI-1-positive cells were also BrdU pos-
itive; this chase period is less than the median length of
G2 (Newmark and Sa´nchez Alvarado, 2000); thus, it is un-
likely that a significant number of BrdU-labeled cells have
progressed through M phase, suggesting that a large
percentage of the SMEDWI-1-positive neoblast popula-
tion is in S phase. In contrast, only w3% of the
SMEDWI-1-positive cells are in mitosis as indicated by
anti-H3-S10P labeling, consistent with the much shorter
time that cells spend in M phase than S phase. These
numbers represent reasonable estimates of the neoblast
cohort occupying these two cell-cycle phases, although
the large number of SMEDWI-1-positive cells and their
tight clustering within the animal make it possible that
we have underestimated to some extent their total num-
ber. Because we also detect SMEDWI-1 protein in cells
that have left the cell cycle (e.g., in front of the photore-
ceptors and in cells within the regeneration blastema),
it appears that SMEDWI-1 protein perdures in committed
neoblasts that are in the process of differentiating.
Histone H4-K20 methylation has been shown to be
cell-cycle regulated both in HeLa cells and in Drosophila
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167embryos (Rice et al., 2002); mutations in the Drosophila
PRSET7 methyltransferase responsible for H4-K20
methylation result in mitotic defects (Karachentsev
et al., 2005). In planarians, H4-K20 methylation also ap-
pears to be cell-cycle regulated. Double labeling exper-
iments show that 4 hours after BrdU labeling,w15% of
BrdU-positive cells are also H4-K20me1 positive. In
HeLa cells, H4-K20 methylation decreases during
mid-to-late S phase (Rice et al., 2002), so this initial
BrdU-positive, H4-K20me1-positive population could
represent cells in early S phase. The vast majority of the
H4-K20me1-positive population (w92%) is unlabeled
with BrdU 4 hours after BrdU delivery; this BrdU-nega-
tive population likely corresponds to cells in late G2/M
and G1 phases of the cell cycle (Rice et al., 2002). The
availability of such cell-cycle regulated markers will
facilitate future analyses of the planarian cell cycle.
The Diverse Functions of Bruno-like Proteins
Bruli belongs to the Bruno-like family of evolutionarily
conserved RNA binding proteins, members of which
have been found in numerous organisms, ranging from
Arabidopsis, Drosophila, and C. elegans, to Xenopus,
zebrafish, and mammals (Good et al., 2000). Bruno
protein was first identified in Drosophila based upon its
ability to bind to specific sequences, Bruno response
elements (BREs), in the 30UTR of oskar mRNA, thereby
repressing translation of this critical regulator of poste-
rior development (Kim-Ha et al., 1995). Bruno was shown
to be the product of arrest, a gene required for progres-
sion through gametogenesis (Webster et al., 1997) and
for proper cystoblast to cystocyte differentiation (Parisi
et al., 2001). Bruno binds BREs in the 30UTR of oskar
mRNA and recruits the eIF4E binding protein, Cup, which
then blocks initiation complex formation (Nakamura
et al., 2004); Bruno also acts in a Cup-independent man-
ner, producing mRNA oligomers that form 50-80S silenc-
ing particles (Chekulaeva et al., 2006). In addition to reg-
ulating oskar, there is evidence suggesting that Bruno
represses gurken mRNA translation (Filardo and Eph-
russi, 2003; Yan and Macdonald, 2004). Recent work
has shown that Bruno can also bind to BREs in the
30UTR of cyclin A mRNA and inhibit its translation in the
oocyte during the prophase I meiotic arrest (Sugimura
and Lilly, 2006).
Bruno-like proteins were identified based upon their
similarity to Bruno, and they contain three RNA recogni-
tion motifs (RRMs), two N-terminal and one highly con-
served C-terminal, separated by a diverse linker region
(Good et al., 2000). They are distantly related to Dro-
sophila elav, which regulates alternative splicing; thus,
many of these family members have also been named
elav-type RNA binding (ETR) proteins. Additional family
members were shown to bind conserved CUG motifs to
regulate alternative splicing; the CUG binding proteins
and ETR-3-like factors have also been referred to as
the CELF protein family (Ladd et al., 2001). Another
member of this family from Xenopus, known as EDEN
binding protein (EDEN-BP), can bind to embryo deade-
nylation elements (EDEN) in the 30UTRs of maternal
mRNAs, resulting in deadenylation; it remains unclear
if EDEN-BP directly recruits deadenylase or acts more
indirectly, by repressing translation, leading to deadeny-
lation (Paillard and Osborne, 2003).The planarian Bruli protein described here possesses
an RRM domain organization that is unusual for Bruno-
like family members: it contains only two RRMs. A similar
structure has been reported forDrosophilaBru-3 (Delau-
nay et al., 2004), and database searches revealed appar-
ent full-length mouse and human BrunoL6 sequences
that encode only two RRMs (Strausberg et al., 2002). Of
these, only Drosophila Bru-3 has been characterized in
any detail. Bru-3 is capable of binding to EDEN se-
quences (Delaunay et al., 2004), and these sequences
are able to repress translation in Drosophila oocytes
without affecting the stability of chimaeric mRNAs that
carry them (Ezzeddine et al., 2002). Given their shared or-
ganization, it is reasonable to suggest that Bruli may be
functioning in a manner similar to that proposed (but
not yet formally demonstrated) for Bru-3: binding spe-
cific sequences in the 30UTRs of specific mRNAs to re-
press their translation. The cytoplasmic distribution of
Bruli protein is consistent with such a role. If Bruli acts
as a translational repressor, it may function in neoblasts
to repress the translation of mRNAs whose products are
required for differentiation; after bruli RNAi, these
mRNAs would no longer be repressed, and neoblasts
would differentiate prematurely. The identification of
target RNAs bound by Bruli should help reveal the role
of this evolutionarily conserved protein in maintaining
the planarian stem cell population. It will be of interest
to see if Bruno-like genes also play roles in stem cell
maintenance in other organisms and to determine the
extent to which posttranscriptional regulatory mecha-
nisms are important for regulating stem cell behavior.
Experimental Procedures
Planarian Culture
Clonal line CIW4 (Sa´nchez Alvarado et al., 2002) of the asexual strain
of Schmidtea mediterranea was used. Animals were maintained as
per Cebria` and Newmark (2005). Planarians 4–6 mm in length were
starved for 1 week before experiments.
g-Irradiation
Planarians were irradiated with 30 Gy with a Shepherd Mark-1
Cesium source. Intact and regenerating animals cut 1 day postirra-
diation were fixed 3 days after irradiation.
Whole-Mount In Situ Hybridization
Intact and regenerating animals (+/2 g-irradiation) were fixed (Ume-
sono et al., 1997), and in situ hybridization and imaging were carried
out as described (Cebria` and Newmark, 2005). For fluorescent in situ
hybridization, after hybridization and washes, samples were incu-
bated overnight in sheep anti-digoxigenin HRP (1:100, Roche),
washed five times for 1 hr in PBTx (1 3 PBS; 0.3% Triton X-100),
and then incubated for 5 min in 1:100 tyramide-Alexa568 in amplifi-
cation buffer (Molecular Probes). Following three 10 min washes and
an overnight wash in PBTx, samples were mounted in Vectashield
and imaged with a CARV confocal microscope.
Isolation of Bruli
An EST (Accession number: DN292645) from hermaphroditic S.
mediterranea was annotated as a homolog of human bruno-like4
(Zayas et al., 2005). Corresponding genomic sequences from S.
mediterranea were retrieved from NCBI Trace Archives and assem-
bled with Sequencher 4.2.2 (Gene Codes, Corp.). 50 RACE was
performed with FirstChoice RLM-RACE (Ambion, Inc.). The acces-
sion number for the full-length bruli cDNA is DQ344977.
Antibody Generation and Purification
Peptide NEPEGPTETDQSLS, specific to the predicted SMEDWI-1
protein (Reddien et al., 2005b), was synthesized by the Protein
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Polyclonal antibodies against SMEDWI-1 peptide were generated
by the UIUC Immunological Resource Center (mouse antibodies)
and Proteintech (rabbit antibodies). Two peptides, CIVARLADNEQ
ERQL and CLKVQLKRPKGEYKN, corresponding to the middle and
C terminus of the predicted Bruli protein, were synthesized by
Sigma-Genosys. Rabbit polyclonal antibodies against Bruli pep-
tides were generated by Sigma and affinity purified by using peptide
affinity columns (SulfoLink, Pierce). Purified antibody fractions were
pooled and dialyzed against PBS with Slide-A-Lyzer Cassettes
(Pierce) and stored at 4C with 0.1% sodium azide (Sigma). Genera-
tion of polyclonal anti-H4K20me1 antibodies against a two-
branched histone H4K20 monomethylated peptide (containing
amino acids 15 to 25) and IgG purification were performed as
described (Perez-Burgos et al., 2004).
Whole-Mount Immunofluorescence
Planarians were killed with 2% HCl for 5 min on ice and then fixed in
fresh modified Schaudin’s fixative (one part 95% ethanol, two parts
saturated HgCl2, diluted 1:1000 in 70% ethanol) for 2 hr at room
temperature. Fixed samples were bleached overnight with 8%
H2O2 in methanol and processed as described (Sa´nchez Alvarado
and Newmark, 1999).
For BrdU staining, animals were injected with 2.5 mg/ml BrdU
(Newmark and Sa´nchez Alvarado, 2000), fixed, and bleached
(above). Following rehydration, samples were incubated with 2 N
HCl for 45 min at room temperature, neutralized for 2 min in 0.1 M
Borax (Sigma), washed twice for 5 min in PBTx, and then blocked
at room temperature for 4 hr in PBTx + 0.6% IgG-free BSA (Jackson
Immunoresearch Laboratories) and 0.45% fish gelatin (Sigma).
Mouse monoclonal anti-BrdU (1:25, BD Biosciences) was diluted
in blocking buffer (+/2 additional antibodies), and samples were
incubated with primary antibodies overnight at 4C. After six 1 hr
washes in PBTx, samples were reblocked for 1 hr and then incu-
bated at 4C overnight with Alexa-labeled secondary antibodies
(Molecular Probes) and horseradish peroxidase-labeled sheep anti-
mouse antibodies (1:100, Roche). After six 1 hr washes in PBTx,
samples were developed with tyramide-Alexa568 and processed
as described above. Other primary antibodies used were mouse
anti-phosphotyrosine (Cebria` and Newmark, 2005), rabbit anti-H3-
S10P (1:5000, gift of Dr. Craig Mizzen), mouse monoclonal anti-H3-
S10P (1:50; Cell Signaling Technology), rabbit and mouse anti-
SMEDWI-1 (1:1000), rabbit anti-H4-K20me1 (1:600), and rabbit
anti-Bruli (1:50). Samples were imaged with either CARV or Zeiss
LSM510 confocal microscopes.
RNAi Analyses
bruli dsRNA was generated and delivered as described (Sa´nchez
Alvarado and Newmark, 1999; Cebria` and Newmark, 2005). Unless
otherwise indicated, animals were amputated pre- and postphar-
yngeally 3 days after the first injection and allowed to regenerate.
Intact and regenerating animals were observed daily with a Leica
MZ125 stereomicroscope. Images of living planarians were cap-
tured with a MicroFire camera (Optronics).
Cell Counting
Metamorph 6.2 (Molecular Devices) was used to count labeled cells
in consecutive optical sections; two to four stacks of optical sections
taken from pre-, post-, and pharyngeal levels of intact animals were
counted. For monitoring neoblasts in RNAi analyses, positive cells
were counted from consecutive optical sections, and the numbers
were normalized against the total volume of stacks counted. For
H3-S10P staining, four to five stacks taken from stump regions
were counted for 5 day regenerating samples; two to ten stacks
taken from head and tail region of the animals were counted for other
time points. For SMEDWI-1 and H4-K20me1 staining, 16 stacks
taken from trunk or tail pieces were counted for 5 day regenerating
samples; six to 16 stacks taken at pre-, post-, and pharyngeal level
from at least two different worms were counted for all other time
points.
Supplemental Data
Supplemental Data include bruli gene and protein structure, addi-
tional characterization of Smedwi-1-positive cells, as well as thespecificity of anti-Histone H4 monomethyl-K20 antibodies and are
available at http://www.developmentalcell.com/cgi/content/full/11/
2/159/DC1/.
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